Aims Adansonia comprises nine species, six of which are endemic to Madagascar. Genetic relationships between the Malagasy species remain unresolved due to conflicting results between nuclear and plastid DNA variation. Morphologically intermediate individuals between distinct species have been identified, indicative of interspecific hybridization. In this paper, microsatellite data are used to identify potential cases of hybridization and to provide insights into the evolutionary history of the genus on Madagascar. † Methods Eleven microsatellites amplified with new primers developed for Adansonia rubrostipa were used to analyse 672 individuals collected at 27 sites for the six Malagasy species and morphologically intermediate individuals. Rates of individual admixture were examined using three Bayesian clustering programs, STRUCTURE, BAPS and NewHybrids, with no a priori species assignment. † Key Results Population differentiation was coherent, with recognized species boundaries. In the four Malagasy species of section Longitubae, 8 . 0, 9 . 0 and 9 . 5 % of individuals with mixed genotypes were identified by BAPS, NewHybrids and STRUCTURE, respectively. At sites with sympatric populations of A. rubrostipa and A. za, NewHybrids indicated these individuals to be F 2 and, predominantly, backcrosses with both parental species. In northern Madagascar, two populations of trees combining A. za and A. perrieri morphology and microsatellite alleles were identified in the current absence of the parental species. † Conclusions The clear genetic differentiation observed between the six species may reflect their adaptation to different assortments of climate regimes and habitats during the colonization of the island. Microsatellite variation reveals that hybridization probably occurred in secondary contact between species of section Longitubae. This type of hybridization may also have been involved in the differentiation of a local new stabilized entity showing specific microsatellite alleles and morphological characters, suggesting a potential role of hybridization in the recent history of diversification on Madagascar.
INTRODUCTION
Hybridization has played a significant role in plant evolution (Stebbins, 1950; Arnold, 1997) . One of the major evolutionary processes to which hybridization may have contributed is speciation in relation to shifts in climate and distribution (Seehausen, 2004) . Specifically, hybridization may facilitate the adaptive radiation process during the colonization of new niches, creating novel adaptive genetic combinations due to the emergence of hybrid offspring that show extreme phenotypes not found in either of their parental species, a phenomenon called transgressive segregation (Grant, 1975) . Homoploid hybrid speciation may follow sympatric speciation, as in Coprosma (Papadopulos et al., 2013) , or may happen after secondary contact between two species, as in Helianthus (Rieseberg, 2006) . Hybridization has also played a major evolutionary role in the radiation of plant polyploid complexes by creating new allopolyploid species (Thompson and Lumaret, 1992) . In species with a long life span and thus a high genetic inertia in the face of potential rapid environmental change, hybridization is a critical process that allows effective genetic responses to different environmental conditions (Petit and Hampe, 2006) . In addition, in long-lived species, hybrids have been shown to persist for long periods in the absence of parental species (Lepais et al., 2009 and citations therein; Buerkle, 2009) , which may also increase the opportunity for hybrid speciation (Mallet, 2007) .
Madagascar is the world's fourth largest island, and is renowned for its species diversity and endemism (Goodman and Benstead, 2006) . Due to the wide diversity of climatic and ecological conditions on the island, the native biota provides a fascinating context for the study of speciation and plant radiation (e.g. Janssen et al., 2008) . On Madagascar, the trees of the genus Adansonia (Bombacoideae, Malvaceae), the baobabs, are prominent in the dry deciduous forests and thickets of the western half of the island (Wickens and Lowe, 2008) . Baobab trees may live for more than 1000 years (Pȃtrut et al., 2007) and are characterized by outcrossing breeding systems with selfincompatibility (Baum, 1995a) . Nine species of this genus occur worldwide (Perrier de la Bâthie and Hochreutiner, 1955; Baum, 1995b; Pettigrew et al., 2012) . One species, A. gregorii, is endemic to north-western Australia, whereas A. kilima, identified and described by Pettigrew et al. (2012) , and A. digitata are closely related and are native to mainland Africa. Adansonia digitata migrated subsequently to numerous surrounding islands, including Madagascar, and throughout the tropics, by natural and human-mediated terrestrial and overseas dispersal (Leong Pock Tsy et al., 2009) . It is tetraploid (2n ¼ 160), whereas the other species of the genus are diploid (2n ¼ 88) (Baum and Oginuma, 1994; Pettigrew et al., 2012) . The six remaining species are endemic to Madagascar and constitute a monophyletic radiation (Baum et al., 1998) . Adansonia grandidieri and A. suarezensis have small white flowers which open during the dry season. They are primarily pollinated by nocturnal mammals (fruit bats and lemurs), and constitute section Brevitubae (Baum, 1995a; Ryckewaert et al., 2011) . The other Malagasy species, A. perrieri, A. za, A. rubrostipa and A. madagascariensis, have been classified in section Longitubae, which also includes the Australian A. gregorii (Hochreutiner, 1908; Perrier de la Bâthie and Hochreutiner, 1955; Baum, 1995b) . The Malagasy species of section Longitubae are distinguished by bright-coloured flowers (yellow, orange or red) which open during the wet season and are pollinated exclusively by hawk moths (Baum, 1995a; Ryckewaert et al., 2011) .
By using molecular clock inferences and fossil pollen records for closely related neotropical taxa, Baum et al. (1998) and Baum (2003) estimated that species differentiation in the baobabs endemic to Madagascar started approximately 4 Ma ago. However, conflicting results, specifically the non-monophyly of several species of section Longitubae, were obtained based on plastid DNA markers and were attributed by Baum et al. (1998) to incomplete lineage sorting rather than to interspecific hybridization. These authors did not observe morphologically intermediate individuals between distinct species and reported that sympatric species of the Malagasy section Longitubae do not show overlapping flowering seasons. Over the past decade, we have made an extensive survey of Malagasy baobab species, which has revealed the existence of morphologically intermediate individuals and populations between distinct species of section Longitubae, suggesting the occurrence of hybridization.
In the present study, the pattern of genetic structure in Malagasy baobabs was analysed with polymorphic nuclear microsatellites (nSSR loci) from sympatric and allopatric populations of all six Adansonia species endemic to Madagascar and from two small populations possessing intermediate morphology between A. za and A. perrieri. Our objectives were (1) to assess genetic variation within and between the six Malagasy taxa and determine whether the species are highly differentiated for nSSR markers and whether or not species-specific diagnostic alleles can be used to identify hybrids; and (2) to determine whether genetic patterns reveal hybridization between species, and, if so, to evaluate the frequency and geographical distribution of interspecific exchanges and categorize hybrids (e.g. F 1 , F 2 or backcrosses). Such information is important for new insights into the conservation biology of Malagasy baobabs and the role hybridization may have played in their diversification.
MATERIALS AND METHODS

Sampling design
Populations were sampled across much of the range of each Malagasy species of Adansonia ( Fig. 1 ; Table 1 ). Sampling occurred in areas, mostly forests, where samples of 20 or more individuals could be obtained. We collected from four to seven populations of each species except for A. suarezensis (three populations) and A. perrieri (two populations). These two species are confined to restricted areas in the far north of the island. However, the recent discovery of a small isolated relict population of A. perrieri, near Bealanana (the hatched red spot in Fig. 1 ), indicates that this species has a broader range than previously known. Adansonia rubrostipa is generally restricted to coastal areas, on well-drained soils, although a population (site 19 in Fig. 1 ) was observed 150 km inland and just a few kilometres from large populations of A. za and A. grandidieri growing at lower elevation, mostly in gallery forests. Adansonia madagascariensis is mostly found in the north-west along watercourses (Baum, 1995b) . Adansonia za has the largest range and is mostly found in the south (Fig. 1) . Species identification was based on morphological characters (Baum 1995b) .
Thirteen individuals from four populations (numbered 17, 19, 23 and 25 in Table 1 ) were identified as morphologically intermediate between A. rubrostipa and A. za (Fig. 2 ). In addition, small groups of morphologically homogeneous individuals combining characters of A. za and A. perrieri were observed (Fig. 2) at several sites in the north. Two of these sites are indicated by black stars in Fig. 1 . These individuals have white flowers with intermediate width petals which turn pale yellow with age, as in A. perrieri, and an androecium with a short tube and long free filaments, as in A. za. Moreover, the trunks of these trees were either completely white or showed a much lighter grey colour than found in A. za and A. perrieri. A specimen collected at site 14 was deposited at the TEF Herbarium of DRFP-FOFIFA (Antananarivo, Madagascar) with reference number MIGI 13. When a given species was observed .50 km from another baobab species, the respective populations were considered allopatric. In sympatric areas, species were classified as either mixed or close, depending on whether they were observed in the same site or not, respectively. Information on non-overlapping flowering periods between sympatric baobab species is presented in Table 1 . As a comparison, 30, 13 and 31 individuals from three A. gregorii populations located in north-western Australia, at Broome, Willare and Telegraph Hill, respectively, were scored for the same genetic markers as those used to analyse the Malagasy taxa.
Nuclear microsatellite locus isolation and genotyping in the Malagasy baobab species
Nuclear microsatellites or simple sequence repeats (nSSRs) are codominant genetic markers that show high rates of evolution and are useful for revealing recent interspecies hybridization and introgression. For the majority of nuclear microsatellites developed by Larsen et al. (2009) oligoprobes and streptavidin-coated magnetic beads. Recombinant clones were screened with TG 10 , TC 10 and TA 10 and AGE1 (AAACAGCTATGACCATGATTAC) or AGE2 (TTGTAAAACGACGGCCAGTG) oligonucleotides using a modified PCR method (Waldbieser, 1995) . Three hundred and eighty-four clones were screened, 174 of which gave a positive signal; 163 were sequenced using an ABI PRISM 3100 sequencer (Applied Biosystems). Fifty-one sequences including both repeated and flanking regions, allowing the determination of PCR primers, were designed using PRIMER3 (v. 0 . 4 . 0). Twelve of the 18 loci with the largest numbers of either perfect or interrupted repeats were finally retained for further amplification based on amplification success and the level of polymorphism. GenBank accession numbers are listed in Supplementary Data Table S2 . PCRs were carried out separately for each locus and then multiplexed for four subsets of loci (Ar01 -Ar04, Ar05 -Ar06, Ar07 -Ar09 and Ar10-Ar12) in 10 ml final volumes including 0 . 2 mM each primer and 1 ml genomic DNA and using the Qiagen multiplex PCR kit. In each multiplex, the primers were directly labelled using different fluorescent dyes (Supplementary Data Table S2 ). PCRs were conducted using Mastercycler (Eppendorf ) under the following conditions: 15 min activation of HotStart Taq DNA polymerase (Qiagen) at 95 8C, 30 cycles including 30 s of initial denaturation at 94 8C, 90 s of annealing at 58 8C for all loci, and 60 s of extension at 72 8C, and then 30 min of final extension at 60 8C. Three microlitres of diluted PCR products (1/100) were pooled in 15 ml of HI-DI TM formamide (Applied Biosystems) and 0 . 2 ml of GeneScan-500 LIZ size standard, and analysed on an ABI PRISM 3130xL DNA Analyzer (Applied Biosystems) at the IFR 119 facility, University of Montpellier 2, France. Fragment analysis and scoring were carried out using GeneMapper v. 3 . 7 (Soft Genetics). The DNA fragment sizes measured from the peaks were converted into discrete alleles by comparison with reference lists of allele sizes. For each species and at each locus, the lists were compiled from cumulative frequency plots of size distribution and verified at intervals by sequencing.
Variability was first screened in 36 and 24 A. rubrostipa individuals from populations 22 and 26, respectively, and allele segregation was checked by analysing the open pollination progeny of three mother trees collected in population 22. Seeds instead of leaves were analysed for this purpose. The 12 A. rubrostipa microsatellite DNA primers were amplified in four, two, one, two, one and one populations of A. madagascariensis, A. za, A. perrieri, A. grandidieri, A. suarezensis and A. gregorii, respectively, under the conditions described above. Finally, the analysis of microsatellite variability was extended to the complete sampling design presented in Table 1 after being checked for locus homology between the seven species by sequencing and comparing sequence alignments using BioEdit v. 7 . 0 . 9 (Hall, 1999) . Cycle sequencing was carried out using the same protocol and PCR conditions as described above. Sequences were visualized on an ABI 3730xL automatic sequencer at LGC Genomics. Sequence alignments between species were obtained using the ClustalW module implemented in BioEdit v. 7 . 0 . 9. Alignments were subsequently revised manually.
Statistical analyses of microsatellite data
Patterns of genetic variation. At each of the 12 loci, alleles were characterized by the length of the DNA fragments generated during amplification. Failed PCRs were repeated once and unsuccessful amplifications were treated as missing data. Any individual that did not amplify at three or more loci were excluded from the data set. For each Malagasy species, total and private (speciesspecific) allele numbers were calculated per microsatellite locus and over all loci in all the sampled populations. The corresponding datafrom the three small populations of A. gregorii were added as a point of comparison. In addition, for the species of section Longitubae, except A. perrieri, allele numbers were averaged separately over allopatric and sympatric populations and differences were tested using Mann-Whitney U-tests. Bonferroni correction was used for multiple comparisons.
In the Malagasy species, departure of the inbreeding coefficient (F IS ) from zero was tested at each locus for each population using the permutation option of GENETIX 4 . 05 (Belkhir et al., 2001) . Each test involved 10 000 permutations. The program FreeNA (Chapuis and Estoup, 2007) was applied to estimate the frequency of null alleles (non-amplifying alleles, usually due to mutations in the priming sites) in the microsatellite data set. Linkage disequilibrium (LD) between pairs of loci was estimated for each population. LD significance was tested with 1000 permutations using GENETIX 4 . 05.
Moreover, in the six endemic Malagasy species, allele number per locus and per population (A m ), rarefied allelic richness (A r ), observed heterozygosity (H o ), the inbreeding coefficient (F IS ) and two other standard F statistics, F IT and F ST (Wright, 1965) , were estimated per locus and over all loci and were averaged across populations of each species. We used HP-Rare (Kalinowski, 2005) to estimate allelic richness with rarefaction. GENETIX 4 . 05 was used to estimate the other parameters. However, to infer levels of genetic differentiation in each species, overall unbiased estimates for small populations of H S , H T and the standardized measure of genetic differentiation, G ′ ST (Hedrick, 2005) , were calculated per locus using SMOGD (Crawford, 2010) and were averaged over all loci. In addition, F ST values were estimated within and between the Malagasy species in a pairwise comparison. At each locus and overall, the global and pairwise F ST values were computed with and without the excluding null alleles (ENA) correction method of Chapuis and Estoup (2007) . The significance of genetic differentiation between species or between populations within a species was tested by comparison of observed F ST with the distribution of F ST under the hypothesis of no genetic structure, using 10 000 random permutations of individuals between species or between populations. The F ST analogue u of Weir and Cockerham was calculated for each locus and over loci using GENETIX 4 . 05 (Weir and Cockerham, 1984) .
Finally, a neighbour-joining network was reconstructed using PHYLIP v. 3 . 67 (Felsenstein, 2007) from a pairwise genetic distance matrix for the Malagasy and Australian populations. Bootstrap analysis with 1000 replicates was performed. The stepwise weighted genetic distance (D sw ), an extension of Nei's minimum genetic distance (Nei, 1973) that is appropriate for the analysis of highly polymorphic DNA loci (Shriver et al., 1995) , was used. In addition, in cases when populations of a species exceeded 3, the correlation between population subdivision estimated by F ST /(1 2 F ST ), and the logarithm of geographical distance (Rousset, 1997) was quantified (Z and R2 values) by a Mantel test using GENETIX 4 . 05. Relationships between genetic structure and geographical distance were considered as significant when the true Z value was greater than 95 % of the Z values obtained with 10 000 permutations (P , 5 %).
Population structure and admixture analyses using multilocus genotype data. In Malagasy Adansonia samples and in 74 individuals of A. gregorii scored at the same loci, genetic structure was analysed from multilocus genotypes using three different Bayesian approaches. Two clustering analyses were performed using STRUCTURE 2 . 0 (Pritchard et al., 2000) and BAPS 5 . 3 (Corander et al., 2003; Corander and Marttinen, 2006) to assign individuals to groups and identify putative hybrids. STRUCTURE uses Markov chain Monte Carlo algorithms (MCMC), whereas BAPS is based on stochastic optimization to infer the posterior mode of genetic structure and does not require multiple trials for each possible group number value (K). In all the analyses, data were used to calculate posterior probabilities of membership to assumed K groups of individuals, without prior information on their taxonomic identity and population of origin. Using BAPS, the maximum number of clusters was initially set to 30 (the assumed maximum number of populations present in the sample). K ¼ 2-15 was selected continuously and then at values of 20, 25 and 30. The K value exhibiting the minimum log-likelihood was selected in order to obtain the optimal partition of individuals. Five repetitions were carried out for each K value. Admixture analysis was subsequently performed using the clusters obtained in the optimal partition with 100 iterations to estimate the admixture coefficients for the individuals under study, plus 100 reference individuals from each cluster, and ten iterations to estimate the admixture coefficients for the reference individuals. Admixture of individuals was based on either mixture clustering or pre-defined clustering by using the K value of the optimal partition and adding the multilocus genotypes identified in populations 13 and 14, which included exclusively morphological intermediate individuals that were not pre-assigned to clusters, as an extra group. With STRUCTURE, the admixture setting with correlated allele frequencies was used and 10 5 burn-in periods and 10 6 MCMC simulations were performed. Data were run with K values ranging from 1 to 10 in order to find the most likely number of clusters. Ten runs were performed for each K value and interpreted with STRUCTURE HARVESTER (Earl and von Holdt, 2012) . This program produces a plot of the mean likelihood value per K value and calculates the highest value of the second-order rate of change (DK) according to the method of Evanno et al. (2005) to detect the number of K groups that best fitted the data set. The results of 30 replicates at the best fit K were post-processed using CLUMPP 1 . 1 . 2 (Jakobsson and Rosenberg, 2007) to align the multiple outcomes and determine the optimal clustering. In addition, to visualize the patterns of genetic variation in the baobabs, a factorial correspondence analysis, which portrays the relationships between individuals based on the detection of the best linear combination of allele frequencies, was performed across populations based on the multilocus genotypes using microsatellite loci and GENETIX 4 . 05. The individuals were mapped onto a plane determined by the two axes accounting for the maximum percentage of total variation. A third Bayesian model-based clustering approach for identifying hybrids employed NewHybrids v. 1 . 1beta (Anderson and Thompson 2002) . This method identifies hybrid individuals on the basis of the posterior probability (q) of belonging to different pure parental or hybrid categories generated during two generations of potential interbreeding. NewHybrids considers only two hybridizing species. Consequently, analyses with NewHybrids were restricted to three pairs of sympatric or parapatric species of section Longitubae. Six distinct genotype classes were defined: pure species I, pure species II, F 1 hybrids, F 2 hybrids and backcrosses with pure species I (B × I) and pure species II (B × II). NewHybrids was run without prior information on the genotype of an individual, using the uniform prior for both u and the mixing proportion p, and the program was left to run for 100 000 sweeps after burn-in.
The HYBRIDLAB 1 . 1 program (Nielsen et al., 2006 ) was used to assess the power of Bayesian approaches and to evaluate whether these methods could accurately identify admixture and classify hybrids. For each species pair, 100 genotypes of each parental species (except A. perrieri, for which 40 genotypes were available) showing a q value above 0 . 98 in STRUCTURE and BAPS were selected to generate ten data sets of 100 genotypes of each parental and hybrid class. Using each data set, the simulated genotypes were then used in STRUCTURE and in BAPS under the same settings as our real data. Ten independent runs with K ¼ 2 were performed for each data set and the results were summed up with CLUMPP. The simulated genotypes were also used in NewHybrids to assess the efficiency of the analysis and estimate the threshold value for individual allocation to one of the six genotype classes.
The analyses of simulated data showed minimum q values of simulated parental genotypes, which varied according to species pair and ranged from 0 . 836 to 0 . 901 when performed using STRUCTURE and from 0 . 845 to 0 . 914 when performed using BAPS. Setting the threshold q value (Tq) to these respective levels, the efficiency (i.e. the proportion of individuals in a group that were correctly identified (Vähä and Primmer, 2006) ranged from 89 and 91 % for A. za/A. perrieri to 99 and 98 % for A. za/A. rubrostipa using STRUCTURE and BAPS, respectively. The complement (from 1 to 11 %) corresponded to simulated genotypes of backcross hybrids, which showed q values higher than the minimum expected for parental genotypes. To reduce percentage error and increase the power of our analyses, we set a more conservative threshold q value of 0 . 95, yielding an efficiency of admixture identification ranging between 99 . 5 and 100 % according to species pair and program. Using NewHybrids with a threshold posterior probability of 0 . 95 provided a proportion of correctly identified parental individuals ranging from 97 . 1 % for A. za/A. perrieri to 99 . 2 % for A. za/A. rubrostipa. The proportions were slightly smaller for F 1 hybrids (from 87 . 3 to 92 . 8 %), and considerably smaller for F 2 hybrids (from 40 . 2 to 74 . 1 %) and first-generation backcrosses (from 52 . 8 to 79 . 6 %). Therefore, with NewHybrids, following Burgarella et al. (2009) , threshold values were used in two ways: (1) for each of the three analysed species pairs, a threshold of 0 . 95 was applied only to the purebred category, assuming that individuals with q ≥ Tq are purebreds and that all others are hybrids; and (2) based on simulation results, threshold values of 0 . 80 and of 0 . 50 were set for assignment to all the categories of hybrids and first-generation backcrosses, when A. za/A. rubrostipa and the other two species pairs were considered, respectively.
RESULTS
Microsatellite polymorphism in Malagasy baobabs
In the present study, transfer of the 12 microsatellites developed for A. rubrostipa was successful for the five other Malagasy species and for most individuals of A. gregorii. The results for the 12 selected SSR loci in two populations of A. rubrostipa are shown in Supplementary Data Table S1. Between four and 15 alleles were identified per locus per population and significant heterozygote deficiency (P , 0 . 05) was observed exclusively at Ar07 and Ar10 in the populations of sites 22 and 26, respectively.
At the 12 loci, allele size range in each baobab species is indicated in Supplementary Data Table 2S . Three of the 12 loci (Ar01, Ar07 and Ar10) exhibited 1 bp size differences between alleles instead of the 2 bp differences expected from loci with dinucleotide repeats, and at seven loci (Ar03, Ar05, Ar06, Ar07, Ar08, Ar10 and Ar12) a 1 bp allele size difference was observed between various species groups. Our sequence data indicate that all these 1 bp differences were due to indels either in the repeat region or in the flanking regions of the microsatellites.
Substantial polymorphism was observed at the 12 loci for each species, with the exception of Ar07 in A. suarezensis and A. grandidieri, and at Ar09, which was monomorphic in A. perrieri and A. madagascariensis, whereas two alleles were identified in A. za (Supplementary Data Table 2S ). Allele sequencing at Ar09 in the last three species indicated that they share the same specific base change from C to A at position 105, located in the microsatellite repeat region, suggesting that the change may be responsible for stopping additional motif repeats.
Adansonia rubrostipa had the highest total number of alleles (203) and the highest number (57) of private (species-specific) alleles, and the lowest total (83) and private (six) allele numbers were found in A. suarezensis and A. madagascariensis, respectively. Many private alleles were observed at low frequency but several were predominant, e.g. one allele at Ar02 and at Ar07 was observed at 59-82 and 97-99 %, respectively, exclusively in the species of section Brevitubae. At Ar04, one allele occurring at 97 % was specific to A. madagascariensis. Compared with allopatric populations, a higher number of alleles were shared by the species of section Longitubae in areas of sympatry (P , 0 . 05).
Genetic diversity and differentiation
In the Malagasy species, 84 of the 340 population/locus combinations showed significant departures from zero for the inbreeding coefficient (F IS ), involving all the loci except Ar08. Nine and 75 departures were due to heterozygote excesses and deficiencies, respectively. Most of the significant deficiencies were observed at three loci, Ar02, Ar12 and, more specifically, Ar10, in several species, and at several loci in two populations, A. suarezensis (site 2) and A. rubrostipa (site 17). The data obtained at Ar10 and those from the two populations mentioned above were considered as possibly reflecting the occurrence of null alleles and were removed from the data set to avoid bias in genetic diversity and population differentiation estimates. When the other 11 microsatellite loci were considered, of the nine population/locus combinations that showed a significant excess of heterozygotes, eight were identified at five loci in the two populations of A. suarezensis (sites 1 and 3), which also showed a significant excess of heterozygotes across all loci (Supplementary Data Table 3S ). Null allele frequency was estimated to range from 0 . 00 to 0 . 11 (mean 0 . 015), varying according to species and loci, and was assumed not to be associated with significant biases in genetic diversity estimates. In addition, when LD was evaluated in the Malagasy species, and after Bonferroni correction, pairwise loci showed a significant LD value that did not exceed 5 . 1 %. These pairs were observed in all the species and ranged from four in A. suarezensis and A. perrieri to 18 in A. za. In most cases, LD was not strong: the correlation coefficients were below 0 . 4 in 95 % of the significant tests. Allelic richness (A r ), based on a rarefaction sample of 32 genes, was significantly lower in A. suarezensis and A. madagascariensis than in A. rubrostipa, A. za and A. perrieri (P , 0 . 05), and was significantly higher in the two last species than in A. grandidieri (P , 0 . 05) ( Table 2) . Adansonia rubrostipa showed the highest observed heterozygosity, which was significantly higher than in the two Brevitubae species (P , 0 . 05) and in A. madagascariensis (P , 0 . 01), which had the lowest proportion of heterozygotes. Diversity within populations was significantly higher (P , 0 . 05) in A. rubrostipa than in A. suarezensis, which shared the lowest diversity value with A. madagascariensis (Table 2) . Genetic differentiation between populations (G ′ ST ) was high in A. perrieri and A. rubrostipa and very low in A. suarezensis and A. za. As shown in Supplementary Data Table S4 , which provides detailed values for each locus, significantly higher G ′ ST and D values were observed in A. perrieri at five loci, namely Ar01, Ar04, Ar05, Ar06 and Ar08, than in the other baobab species (P , 0 . 001). In A. perrieri, the two populations were genetically very distinct. At the 11 microsatellite loci, in the eastern population (site 11) 87 alleles were observed. Of these alleles, 93 %, including the seven private ones, were shared with the western population (site 9), which possessed 55 additional alleles, most of them observed at high frequency, or even exclusively in the populations of A. za.
Pairwise F ST values between populations with and without correction for null alleles were close (Supplementary Data Table S5 ). All comparisons between populations of different species were significantly different from zero (P , 0 . 001). Mean values grouped per species ranged from 0 . 048 (in A. za) to 0 . 111 (in A. perrieri) within species and from 0 . 163 to 0 . 416 between species. Pairwise F ST values between the seven Adansonia species ranged from 0 . 118 for A. za and A. perrieri to 0 . 353 and 0 . 359 for A. madagascariensis and the two species of section Brevitubae, respectively (Table 3) .
Pairwise D sw genetic distances between populations ranged within species from 0 . 025 (A. za) to 0 . 162 (A. perrieri), and between species from 0 . 117 to 0 . 479 (Table 3 ). The unrooted neighbour-joining tree obtained from the pairwise distance matrix is presented in Fig. 3 . The bootstrap values of the consensus tree ranged from 37 to 100 %, all but two being .50 %. The 30 populations were grouped into seven distinct clusters, most positioned at the ends of long branches and corresponding to the seven described species. Moreover, populations from sites 13 and 14 were distinct and associated with the A. za cluster. The populations from sites 1, 3, 4, 5, 6 and 7 were grouped into two diverging and closely related clusters corresponding to species of section Brevitubae. The three A. gregorii populations formed a separate clade from the Malagasy species.
A positive correlation between genetic and geographical distances was obtained using the Mantel test over the four populations of A. grandidieri (Z ¼ 7 . 65, P ¼ 0 . 046, R2 ¼ 0 . 634), the five populations of A. rubrostipa (Z ¼ 6 . 27, P ¼ 0 . 026, R2 ¼ 0 . 720), and the five populations of A. madagascariensis (Z ¼ 14 . 52, P ¼ 0 . 043, R2 ¼ 0 . 852). The test was not significant for the six populations of A. za (Z ¼ 9 . 49, P ¼ 0 . 371, R2 ¼ 0 . 011).
Admixture analyses
The model-based clustering analyses, STRUCTURE and BAPS, were first conducted based on the genotype data (11 loci) of the 746 baobab individuals (672 from the six Malagasy species and 74 from A. gregorii). Disregarding species assignment of individual trees based on morphology, an optimal number of seven clusters was obtained using STRUCTURE. The approach of Evanno et al. (2005) also indicated seven groups, and DK (7) was much larger than all other DK values ( Supplementary Data Fig. S1 ). The analysis from CLUMPP indicated sufficient agreement between the 30 STRUCTURE runs for K ¼ 7 (H ′ ¼ 0 . 965), and the seven genetically distinct clusters corresponded to our taxonomic assignment of individuals to the seven Adansonia species (Fig. 4A) . Results from BAPS also revealed an optimal number of K ¼ 7 [ probability of (K ¼ 7) ¼ 1] and the same groups were obtained from the two Bayesian methods. However, 49 and 43 mixed genotypes, i.e. individuals having ,95 % probability of being assigned to their own species and corresponding to putative hybrid trees, were identified using STRUCTURE and BAPS (with both (Table 4) . Moreover, at site 19 a few individuals classified morphologically as A. za and A. rubrostipa were identified as genetically mixed between the two species by both Bayesian approaches (Table 4) . Two, two and six of all these mixed individuals were assigned by NewHybrids to the F 2 , backcrosses with A. za and backcrosses with A. rubrostipa genotype classes, respectively, with posterior probabilities .0 . 80. An additional individual was assigned by NewHybrids to the pure A. za class with posterior probability .0 . 95, and the nine remaining individuals, although confirmed as hybrids by their posterior probabilities ,0 . 95 of belonging to a parental form, were not classified with confidence to a specific hybrid class (Supplementary Data  Table S6 ). No individual was assigned to the F 1 hybrid class.
Using STRUCTURE and BAPS, a few genotypes mixed between A. za and A. madagascariensis and between A. za and A. perrieri were identified in a population of A. madagascariensis (site 16) and in one of A. perrieri (site 9), respectively (Table 4 ). Using NewHybrids, one of the four mixed genotypes identified by STRUCTURE was assigned to pure A. madagascariensis and the second to pure A. perrieri, with posterior probability .0 . 95, whereas the other two individuals were confirmed as putative hybrids, but could not be assigned to a single hybrid class (Table 4 and Supplementary Data Table S6 ).
In addition, using the three Bayesian approaches, the 25 genotypes analysed from sites 13 and 14 were identified as mixed between A. perrieri and A. za, but having greater affinity to the latter species. Using NewHybrids, one of these individuals was assigned to the F 2 genotype class with posterior probability .0 . 50, and the other 24 individuals, although confirmed to possess hybrid genotypes by their posterior probabilities ,0 . 95 of belonging to parental classes, were not assigned to a single hybrid class. In both populations, at all loci analysed except Ar07 the genotypes combined alleles observed in either species, including private ones, or alleles shared by both. Low polymorphism, with the same allele occurring at high frequency (.85 %), was observed at six loci in the two populations. At Ar08, the genotypes were characterized by 98 % of alleles never found in A. za and predominant in A. perrieri, whereas at Ar02, Ar04, Ar06 and Ar11 the alleles were those usually observed in A. za. At Ar07, three alleles ranging from 231 to 235 bp were identified exclusively in these two populations and were present in all but three individuals. Seven well-defined groups of multilocus genotypes were obtained from factorial correspondence analysis, corresponding to the seven baobab species (Fig. 4B) . The genotypes of A. perrieri, A. madagascariensis and A. za formed closely related genotype groups. Among the populations of Malagasy Longitubae (Fig. 4C) , most of the admixed genotypes identified using STRUCTURE (see above) occurred in intermediate 4. (A) Results obtained using STRUCTURE for seven clusters (K) and from the analysis of 746 individual baobabs scored at 11 microsatellite loci and graphically displayed by DISTRUCT (Rosenberg, 2004) . Each individual is represented by a thin vertical line partitioned into K coloured segments proportional to its membership in the corresponding genetic cluster. Site numbers are indicated above the diagram. positions between the A. rubrostipa and A. za genotype groups or between those of A. perrieri and A. za.
DISCUSSION
Patterns of genetic structure in Malagasy baobabs
With the exception of A. perrieri, moderate to low F ST values were obtained between populations of the baobab species. This was particularly the case in A. za, which nevertheless has the largest geographical range. Compared with herbaceous plants and shrubs, trees are characterized by high levels of withinpopulation genetic diversity and by high homogeneity between populations, as a result of their outcrossing mating systems, their capacity for extensive gene flow and their large population sizes (Petit and Hampe, 2006) . In A. perrieri, the western population was genetically divergent from the eastern one ( pairwise F ST ¼ 0 . 111). Morphological differences were also observed between the two populations. These included differences in the inside calyx lobe colour, which was entirely white in the eastern population and light or dark pink, as for the other Malagasy species of section Longitubae, in the western one. These morphological and selectively neutral microsatellite differences may reflect a long period of isolation between the geographically distant populations, although complete isolation followed by rapid adaptation to new environmental conditions cannot be ruled out. Compared with section Longitubae (except A. perrieri), the lower genetic diversity observed in section Brevitubae, specifically in A. suarezensis, may reflect their restricted geographical range. A significant excess of heterozygotes was identified at many loci in the two populations of A. suarezensis for which we also noticed the predominance of older adult trees without fruits and the complete lack of regeneration. In tree species, heterozygosity has been shown to increase with population age, and an excess of heterozygotes has often been found in the oldest ageclasses (e.g. Nijensohn et al., 2005) . Thus, the excess of heterozygotes in A. suarezensis may reflect the general ageing of the populations. In A. grandidieri, genetic variation showed geographic structure: a clear discrimination occurred between the northern populations (sites 4 and 5), which possessed high microsatellite diversity and consisted of tall individuals growing in deep soils, and the two southern populations (sites 6 and 7). The latter populations were characterized by alleles reduced to those most frequently observed in the species, and consisted of small or even dwarf stocky trees growing on limestone in notably dry conditions. Such a genetic difference between the two population groups may reflect founder effects or may indicate that the southern populations have undergone drastic selection.
Microsatellite variation was also structured geographically in all species of section Longitubae, except A. za. The lack of geographical genetic structure in that species is striking, particularly given its wide distribution (Fig. 1) and its occurrence in different habitats. Baum (1996) assumed that this broad observed distribution was probably related to the high ecological plasticity of the species. In the present study, A. za was revealed to possess high microsatellite diversity with low genetic differentiation between populations (Table 2) , suggesting a recent expansion of the species.
Significant F ST values were observed between baobab species, associated with a large number of specific alleles, indicating substantial isolation from one another. The Malagasy baobab species were also shown to differ in physiological requirements and habitat preference (Wickens and Lowe, 2008 , and references therein), suggesting that each species evolved in its own niche and that ecological differentiation may have contributed substantially to species isolation. This scenario is consistent with most radiation patterns described for different Malagasy endemic groups. After arrival, at early stages of colonization, the founder populations were subjected to a wide varietyof climatic regimes and habitats across this mini-continental island, which has been isolated from other landmasses deep in geological time (Leigh et al., 2007; Buerki et al., 2013) .
Overall, the phenogram shown in Fig. 3 is consistent with the maximum likelihood phylograms in Adansonia of Baum et al. (1998), more specifically the tree based on ITS variation. However, the considerable divergence between A. suarezensis and A. grandidieri was not evident in the analysis of Baum et al. (1998) . In addition, for section Longitubae, nuclear microsatellite variation provides decisive evidence for close relationships between A. madagascariensis, A. perrieri and A. za, which share numerous alleles and the same nucleotide change at Ar09. Consistently with previous studies based on plastid DNA and ITS sequences (Baum et al., 1998; Pettigrew et al., 2012) , our results clearly indicate that A. gregorii is distantly related to the Malagasy species, suggesting that its classification in section Longitubae should be re-examined with additional data.
Species boundaries and evaluation of interspecific genetic exchange
The three Bayesian approaches performed well and consistently identified admixed genotypes from the polymorphism observed at the 11 microsatellites used in this study. However, the uncertainties in the definition of hybrid classes for the species pairs A. za/A. madagascariensis and A. za/A. perrieri highlight the inherent difficulties of dealing with closely related species, specifically with a limited number of loci. Overall, our study illustrates that hybridization has occurred in contact zones between baobab species. Approximately 7 % of the sampled individuals possessed admixed genotypes that were restricted to the species of section Longitubae. In these species, admixed genotypes were identified in 8 . 0, 9 . 0 and 9 . 5 % of the individuals according to BAPS, NewHybrids and STRUCTURE, respectively. These genotypes were concentrated in sympatric areas where the populations showed higher allelic diversity and lower interspecies variation compared with allopatric populations. This suggests that they are predominantly the result of hybridization, which may be favoured in contact areas due to physical proximity between trees for pollen transfer.
In contact zones between A. rubrostipa and A. za, 19 admixed genotypes were identified, most of them in the populations of the former taxon. In most cases, these corresponded to individuals showing morphologically intermediate characters. On the basis of the NewHybrids program, the majority were identified as backcrosses, predominantly with A. rubrostipa, indicating bidirectional introgressive hybridization. Two geographically close F 2 hybrids were also identified in a large population of A. rubrostipa (site 25), whereas F 1 hybrids were not detected in the same area or other analysed populations. F 1 hybrids between Malagasy baobab species are apparently uncommon, suggesting that the formation of first-generation hybrids is less likely to occur than the interbreeding of hybrids with purebreds or with other hybrids. The occurrence of F 2 hybrids and first-generation backcross individuals in three of the five A. rubrostipa/A. za sympatric populations probably reflects recent hybridization between the two species which overlap in flowering period (Ryckewaert et al., 2011) . The absence of admixed individuals outside the contact zones may be due to the occurrence of post-zygotic barriers with substantial selection against the hybrids between the two species, which have distinct habitat preferences (see above). As neutral markers, microsatellites may not constitute the direct targets of selection, but they may be linked to genes under selection. STRUCTURE detected two admixed genotypes between A. madagascariensis and A. za in northern Madagascar. One of these was confirmed as admixed by BAPS and NewHybrids but was not assigned to a specific hybrid class or first-generation backcross by the latter. The individual was collected in the only A. madagascariensis study population occurring sympatrically with A. za (site 16). In this portion of the island, these two species have non-overlapping flowering periods (Baum, 1995a; Ryckewaert et al., 2011) , making hybridization unlikely. The admixed genotype identified by the Bayesian programs could therefore reflect the occurrence of shared ancestral polymorphism in the two species (Twyford and Ennos, 2012) . However, compared with the other four populations analysed in A. madagascariensis, the population at site 16 possessed many additional alleles, all predominant in A. za, at several loci. In addition, the lower genetic divergence between sympatric/parapatric populations compared with that between allopatric populations is consistent with hybridization. In Malagasy baobabs, the beginning and length of the flowering period primarily depend on the length of the dry season (Baum, 1995b) . With different climatic conditions in the past, overlapping flowering periods may have occurred between A. madagascariensis and A. za. Hence, ancient hybridization between the two species cannot be completely ruled out.
Genetic status of the morphologically intermediate individuals observed at sites 13 and 14
The 25 genotypes analysed from the two sites were admixed between A. perrieri and A. za, with a genomic predominance of the latter in all but one genotype assigned to the F 2 class. These individuals, combining morphological characters of A. perrieri and of A. za, may have originated from hybridization between the two species, which show substantial overlap in flowering periods and are pollinated by the same long-tongued hawk moth species (Ryckewaert et al., 2011) . The most likely explanation for the predominance of the A. za nuclear genome is introgressive hybridization. Indeed, backcrossing may have been favoured by the synchronous flowering phenology of early hybrids and A. za, by a local demographic superiority of A. za or by better gamete compatibility, as previously reported (e.g. Arnold 1997; Lepais et al., 2009) . Genetic drift and bottlenecks, more specifically if acting in the first generations after hybridization or in small populations, or if selection is acting on genes closely linked to neutral loci, could also explain the observed predominance of the A. za alleles. In addition, neither significant excess of heterozygotes for alleles derived from each species (heterospecific) nor strong parental linkage disequilibrium was detected, which indicates the probable rupture of parental associations and suggests that hybridization of populations at sites 13 and 14 is not recent. This result is also consistent with the findings, in the same region, of five additional small baobab populations showing the same morphological characteristics as those observed at sites 13 and 14. In addition, in all these populations the PCR-RFLP analysis of plastid DNA, maternally inherited in Bombacoideae (Dick et al., 2007; Leong Pock Tsy et al., 2009) , revealed the occurrence of a single haplotype. This was identical to the predominant haplotype identified in A. perrieri and was distinct from all those observed in A. za and in the other Adansonia species (J.-M. Leong Pock Tsy et al., unpubl. res.). This result reveals incongruence between uniparentally and biparentally inherited markers, and constitutes additional support for the hybrid origin of the site 13 and 14 populations. However, A. za and A. perrieri individuals are not currently identified in the region and are rare in its periphery (Fig. 1) , indicative of a contemporary predominance of mating between the individuals originating from the initial hybridization over their backcrossing with the parental species. Adansonia perrieri is a rare species threatened by human activities, mainly forest destruction and possibly climate change (Baum, 1995b) , and is considered an endangered Malagasy baobab species (IUCN, 2012) . Our finding of a southern group of old A. perrieri trees growing near Bealanana, at high elevation (1170 m) and under notably more moist conditions, suggests that this hydrophilous species probably occurred further south than its current distribution in the recent geological past and may have been in contact with A. za. In long-lived trees such as baobabs, hybrids have been shown to persist for long periods in the absence of parental species (Buerkle, 2009; Lepais et al., 2009; Pillon et al., 2009 ). However, the maintenance of populations derived by hybridization may also reflect their better adaptation to local conditions compared with the parental species. The baobabs of sites 13 and 14 grow in a region currently characterized by compact and periodically flooded soils that are suitable for A. perrieri but not for A. za, as the latter tends to occur on more well-drained soils and areas with a dry season of at least 7 months (Cornet, 1974) , which is too long for A. perrieri to survive.
In the baobab populations of sites 13 and 14, little genetic variation was observed at many loci and at Ar07 most individuals shared the same private alleles, although the possibility that these were not identified in the Malagasy species due to limited sample size cannot be ruled out. The mechanism giving rise to the genetic structure observed in these populations, specifically the predominance of A. za alleles at several specific loci and of A. perrieri alleles at another locus, is unknown and further studies are needed with an increased number of loci. In addition, no evidence of polyploidy was obtained from genotype examination at the 11 microsatellite loci or from the DNA content and/or chromosome number analysed in three individuals from each population by flow cytometry and chromosome counts, respectively (J. Razanameharizaka, pers. comm.).
The situation observed at sites 13 and 14 contrasts with the substantial morphological variability we observed in transient hybrid or introgressed baobabs, such as at site 19, and may reflect a process of stabilization leading to speciation. Several examples of homoploid hybrid speciation have been reported in plants using population genetic methods (Arnold, 1997; Gross and Rieseberg, 2005) , including forest-tree species (Mir et al., 2006) , but few on islands (Fjellheim et al., 2009; Papadopulos et al., 2013) . In the past, several botanists reported the morphological particularities of the baobabs they encountered in the region where sites 13 and 14 are currently located, and they described them as constituting a distinct species, A. alba Jum. & H.Perr., or as A. za var. bozy (Jum. & H.Perr.) H.Perr. (Jumelle and Perrier de la Bâthie, 1909; Perrier de la Bâthie and Hochreutiner, 1955) . Subsequently, Baum (1995b) visited the south of the same region and considered that the local baobabs could be assigned to A. za. As indicated above, the results of the present study support a stabilized hybrid constitution for the baobabs of that region. These also show morphological particularities and grow in specific habitat conditions, which suggests they may constitute a genetic entity distinct from A. za and A. perrieri.
In the present study, analysis of microsatellite variation at 11 loci has provided new insights into the structure of genetic variation in the six endemic Malagasy baobabs. Notable differences between the two recognized sections were found. The species of section Brevitubae were isolated geographically from each other and showed low genetic diversity, especially A. suarezensis. This species is characterized by a restricted range with ageing populations and, on the basis of simulation analyses integrating climate changes, it has been classified recently as critically endangered with a high probability of extinction in the short term (Vieilledent et al., 2013) . Conversely, in species of section Longitubae, substantial genetic diversity was found, with interspecific gene flow occurring in contact zones and the development of a new homoploid hybrid entity. Further ecophysiological investigation is required to determine its niche precisely. However, the exclusive location of the hybrid populations in an area where the other seven baobab species found in Madagascar do not occur already constitutes a novel argument for including the area in the Protected Area Network (PAN) of Madagascar, as proposed by Kremen et al. (2008) . Madagascar is unique on a global scale for its high levels of microendemism (Wilmé et al., 2006; Vences et al., 2009 ). In plants, few studies have dealt with diversification processes on this island (e.g. Janssen et al., 2008; Strijk et al., 2012) . In our study, nuclear molecular markers were used for the first time to document hybridization in Malagasy plant species. Our finding of a new differentiated entity originating from the hybridization of two baobab species indicates that diversification is probably still ongoing in Madagascar, suggesting that the island should not be considered solely as a biodiversity refugium.
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